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Open access under the EThe biosorption of food dyes FD&C red no. 40 and acid blue 9 onto Spirulina platensis nanoparticles was
studied at different conditions of pH and temperature. Four isotherm models were used to evaluate the
biosorption equilibrium and the thermodynamic parameters were estimated. Infra red analysis (FT-IR)
and energy dispersive X-ray spectroscopy (EDS) were used to verify the biosorption behavior. The max-
imum biosorption capacities of FD&C red no. 40 and acid blue 9 were found at pH 4 and 298 K, and the
values were 468.7 mg g1 and 1619.4 mg g1, respectively. The Sips model was more adequate to ﬁt the
equilibrium experimental data (R2 > 0.99 and ARE < 5%). Thermodynamic study showed that the biosorp-
tion was exothermic, spontaneous and favorable. FT-IR and EDS analysis suggested that at pH 4 and
298 K, the biosorption of both dyes onto nanoparticles occurred by chemisorption.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Many industries, especially food and textile industries often use
dyes and pigments to color their products. As a result, about
10–20% of the dyes are lost during the manufacturing and process,
producing large amounts of wastewater (Gao et al., 2011). The dye-
containing wastewater discharged from the industries can
adversely affect the aquatic environment by impeding light pene-
tration. Moreover, most of the dyes are toxic, carcinogenic and
harmful to human health (Yang et al., 2011). This manner, many
techniques have been developed to dye removal, such as, ﬂoccula-
tion combined with ﬂotation, electroﬂocculation, membrane
ﬁltration, electrokinetic coagulation, electrochemical destruction,
ion-exchange, irradiation, precipitation and ozonation. However,
these technologies are generally ineffective in color removal, and
they are expensive and less adaptable to a wide range of dye
wastewaters (Srinivasan and Viraraghavan, 2010). Biosorption
has emerged as an alternative eco-friendly technology to dye re-
moval from aqueous solutions. This technology has several advan-
tages, such as, simplicity of design, ease of operation, insensitivity
to toxic substances and complete removal of pollutants even from
dilute solutions (Aksu, 2005; Aksu and Tezer, 2005; Patel and
Suresh, 2008; Srinivasan and Viraraghavan, 2010).x: +55 53 3233 8745.
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and concentrate toxic pollutants from even the most dilute aque-
ous solutions (Aksu, 2005). In the case of dyes removal, many
biosorbents are reported by the literature, such as, chitosan (Dotto
and Pinto, 2011a), fungi (Patel and Suresh, 2008; Russo, 2010),
algae (Aksu and Tezer, 2005; Çelekli and Geyik, 2011) and bacteria
(Yang et al., 2011). Spirulina platensis were successfully employed
to remove cadmium (Solisio et al., 2008; Çelekli and Bozkurt,
2011), cooper (Çelekli et al., 2010; Fang et al., 2011), chromium
(Gokhale et al., 2008, 2009), lead (Gong et al., 2005; Seker et al.,
2008) and nickel (Seker et al., 2008; Çelekli and Bozkurt, 2011).
Thus, there is a great number of studies related to metals biosorp-
tion by S. platensis, however its use to dye removal is very
restricted and rarely investigated (Çelekli et al., 2009).
The blue–green algae S. platensis have availability in large quan-
tities, it is largely cultivated throughout worldwide and its annual
production is about 2000 ton (Çelekli and Yavuzatmaca, 2009;
Çelekli et al., 2010; Costa and Morais, 2011). Its biomass contain
a variety of functional groups such as carboxyl, hydroxyl, sulfate,
phosphate and other charged groups which can be responsible
for dye binding (Seker et al., 2008; Çelekli and Bozkurt, 2011; Çele-
kli and Geyik, 2011; Fang et al., 2011). However, the totality of
these groups is not accessible in the biomass natural form. This
manner, the preparation of the nanoparticles from biomass is a
good way to increase the accessible biosorption sites of the bio-
mass. In addition, recent advances in the ﬁeld of nanotechnology
show that ultra-ﬁne biosorbents are a good alternative to dye
removal (Cheung et al., 2009; Inbaraj and Chen, 2011).
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ticles by biosorption of food dyes FD&C red no. 40 and acid blue 9
from aqueous solutions. The effects of pH and temperature on the
equilibrium isotherm and thermodynamics were investigated. Infra
red analysis (FT-IR) and energy dispersive X-ray spectroscopy (EDS)
were carried out to verify the biosorption behavior.2. Methods
2.1. Dyes
The commercial food dyes FD&C red no. 40 (azo dye, molecular
weight 496.4 g mol1, C.I. 16045, kmax = 500 nm, pKa = 11.4) and
acid blue 9 (triphenylmethane dye, molecular weight
792.8 g mol1, C.I. 42090, kmax = 408 nm, pKa = 5.6 and 6.6) were
supplied by local manufacturer, Plury Chemical Ltd., with a purity
higher than 85%. The dyes wavelength is constant with the pH. Dis-
tilled water was used to prepare all solutions. The chemical struc-
tures of the dyes are illustrated in Fig. 1.2.2. Culture conditions and drying of S. platensis biomass
S. platensis strain LEB-52 (Costa et al., 2004) was cultivated in a
450 L open outdoor photo-bioreactors, under uncontrolled condi-
tions, in the south of Brazil. During these cultivations, water was
supplemented with 20% Zarrouk synthetic medium (Zarrouk,
1966) containing (g L1): NaHCO3, 16.8; NaNO3, 2.5; K2HPO4, 0.5;
K2SO4, 1.0; NaCl, 1.0; MgSO47H2O, 0.2; CaCl2, 0.04; FeSO47H2O,
0.01; EDTA, 0.08 and micronutrients. At the end of cultivation,
the biomass was recovered by ﬁltration, washed with distilled
water and pressed to recover the biomass with a moisture content
of 0.76 kg kg1 (wet basis).
The wet biomass (cylindrical pellet form with a diameter of
3 mm) was dried in perforated trays using perpendicular air ﬂow.
The drying conditions were: air temperature 60 C, air velocity
1.5 m s1, relative humidity between 7% and 10%, load in tray
4 kg m2 (Oliveira et al., 2009).S
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Fig. 1. Chemical structures of the dyes (a) FD&C red no. 40 and (b) acid blue 9.2.3. Preparation and characterization of nanoparticles
The S. platensis nanoparticles were obtained by a mechanical
method (Anton et al., 2008). The dried biomass was ground by a
mill (Wiley Mill Standard, No. 03, USA) and it was sieved until
the discrete particle size ranged from 68 to 75 lm. The sieved bio-
mass (50 mg) was added in distilled water (90 mL) and the pH was
corrected (4), (6), and (8) using 10 mL of a buffer disodium phos-
phate/citric acid solution (0.1 mol L1). After, the suspension was
agitated (Dremel, 1100-01, Brazil) at 10,000 rpm for 20 min. These
conditions were found by preliminary tests, and the size distribu-
tion was not inﬂuenced by pH.
The size distribution and average diameter of the nanoparticles
were evaluated in suspension by dynamic light scattering (DLS)
(Bruce and Pecora, 2000). The dynamic light scattering equipment
was constituted by a laser (Spectra-physics, 127, USA) coupled to a
goniometer (Brookheaven, BI-200M, USA) and a digital correlator
(Brookheaven, BI-9000AT, USA). The nanoparticles before and after
the biosorption process (in the more adequate condition) were
characterized by energy dispersive X-ray spectroscopy (EDS) (Pio-
neer, S2 Ranger, Germany) (Moghaddam et al., 2010) and infra red
analysis (FT-IR) (Prestige 21, the 210045, Japan) (Sakkayawong
et al., 2005). The zero point charge (pHzpc) of S. platensis nanopar-
ticles was determined using the eleven points experiment, accord-
ing Hao et al. (2004): Eleven ﬂasks with 50 mL of a suspension
containing 25 mg of nanoparticles (initial pH values in the range
from 1.0 to 12.0, these were adjusted with HCl and NaOH) were
agitated at 100 rpm using a Wagner agitator (Fanem, 315 SE, Bra-
zil) until the equilibrium (about 24 h). The pH values were mea-
sured before and after the agitation (Mars, MB10, Brazil).2.4. Equilibrium experiments
The equilibrium biosorption isotherms were carried out by
batch conditions at different values of pH (4), (6), and (8) and tem-
perature (298, 308, 318 and 328 K). These values were determined
from the literature and preliminary tests. According to Srinivasan
and Viraraghavan (2010) the pH and temperature play an impor-
tant role in dye biosorption onto algal biomass. Firstly, 90 mL of
a suspension containing 50 mg of nanoparticles had the pH cor-
rected (pH 4, 6 and 8) through the 10 mL of buffer disodium phos-
phate/citric acid solution (0.1 mol L1), which did not present
interaction with the dyes. In these suspensions, were added
100 mL of dye solutions with different concentrations (from 100
to 1300 mg L1), this manner the initial biosorbent concentration
was 250 mg L1. After, the suspensions were placed in ﬂasks and
agitated at 100 rpm using a thermostated type Wagner agitator
(Fanem, 315 SE, Brazil). Samples were analyzed every 8 h. The
equilibrium was considered attained when the dye concentration
in the liquid did not present difference between three consecutive
measures. The biomass and biosorbed dyes were removed of the li-
quid through a ﬁltration with Whatmann Filter Paper No. 40,
which did not present interaction with the dyes, and the dyes con-
centration was determined by spectrophotometry (Quimis, Q108,
Brazil) (Piccin et al., 2009). The experiments were carried out in
replicate (three times for each experiment) and blanks were
performed.
The equilibrium biosorption capacity (qe) was calculated as fol-
lows (Piccin et al., 2009):
qe ¼
C0  Ce
m
V ð1Þ
where C0 is the initial dye concentration in liquid phase (mg L1), Ce
is the dye concentration in liquid phase at equilibrium (mg L1), m
is biosorbent dosage (g) and V is the volume of suspension (L).
Fig. 2. Characterization of S. platensis nanoparticles: (a) size distribution, (b)
autocorrelation function, (c) zero point charge.
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Equilibrium biosorption isotherm is the most important design
parameter that describes how the adsorbate interacts with the bio-
sorbent (Inbaraj and Chen, 2011). In order to obtain information
about the interactions between food dyes and S. platensis nanopar-
ticles, Langmuir, Freundlich, Dubinin–Radushkevich and Sips mod-
els were ﬁtted to the experimental data.
The Langmuir isotherm is derived assuming a uniform surface
with ﬁnite identical sites and monolayer adsorption of the adsor-
bate (Gokhale et al., 2008). The Langmuir isotherm is given by
the relation:
qe ¼
qmkLCe
1þ kLCe ð2Þ
where qm is the maximummonolayer biosorption (mg g1) and kL is
the Langmuir constant (L mg1).
Another essential characteristic of the Langmuir isotherm can
be expressed by the separation factor or equilibrium factor (RL)
(Piccin et al., 2009), as follows:
RL ¼ 11þ kLC0 ð3Þ
The Freundlich adsorption isotherm gives the empirical relation
between qe and Ce (Gokhale et al., 2009). The Freundlich isotherm
is given by the relation:
qe ¼ kFC1=ne ð4Þ
where kF is the Freundlich constant ((mg g1)(mg L1)1/n) and 1/n
is the heterogeneity factor.
Another equation used in the analysis of isotherms was pro-
posed by Dubinin and Radushkevich (Kavitha and Namasivayam,
2007):
qe ¼ qs expðBe2Þ ð5Þ
where qs is the D–R constant (mg g1) and e can be correlated:
e ¼ RT ln 1þ 1
Ce
 
ð6Þ
The constant B (mol2 kJ2) gives the mean free energy E
(kJ mol1) of adsorption per molecule of adsorbate when it is trans-
ferred to the surface of the solid from inﬁnity in the solution (Kav-
itha and Namasivayam, 2007), and can be computed using the
following relationship:
E ¼ 1ﬃﬃﬃﬃﬃﬃ
2B
p ð7Þ
The Sips isotherm is a combination of the Langmuir and Freund-
lich isotherms (Cardoso et al., 2011):
qe ¼
qmðksCeÞm
1þ ðksCeÞm
ð8Þ
where qm is the maximummonolayer biosorption (mg g1), ks is the
Sips constant (L mg1) and m the exponent of the Sips model.
The isotherms parameters were determined by nonlinear
regression, using the software Statistica 6.0 (Statsoft, USA). The
ﬁt quality was measured according to the coefﬁcient of determina-
tion (R2) and average relative error (ARE) (Piccin et al., 2009):
2.6. Thermodynamic study
In order to evaluate the biosorption thermodynamic behavior,
the values of Gibbs free energy change (DG), enthalpy change
(DH) and entropy change (DS) were estimated as follows (Milonjic,
2007):DG ¼ RT ln ð55:5KDÞ ð9Þlnð55:5KDÞ ¼ DHRT þ
DS
R
ð10Þ
where R is the universal gas constant (8.314 J mol1 K1), T is the
temperature (K), KD is the thermodynamic equilibrium constant
(L mol1) and 55.5 is the number of moles of water per liter of solu-
tion. The KD values were estimated from the parameters of the best
ﬁt isotherm model and the molecular weight of the dyes (Cardoso
et al., 2011).3. Results and discussion
3.1. Characterization of S. platensis nanoparticles
The S. platensis nanoparticles were characterized in relation to
the size distribution (Fig. 2a), autocorrelation function (Fig. 2b)
Fig. 3. Biosorption equilibrium isotherms of FD&C red no. 40 onto S. platensis
nanoparticles at different conditions: (a) pH 4, (b) pH 6, (c) pH 8.
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sented and discussed in Section 3.2.
In Fig. 2(a) it can be observed that S. platensis nanoparticles in
suspension showed a normal and uniform size distribution in the
range from 120 to 350 nm. The average diameter of the nanoparti-
cles was 210 nm (obtained from dynamic light scattering). Nano-
particles are commonly described as solid colloidal particles,
ranging in size from 10 nm to 1 lm (Anton et al., 2008). In addition
DLS showed that the autocorrelation function was unimodal
(Fig. 2b) and the polydispersity index was 0.150, conﬁrming a little
variation in the nanoparticles size.
The plot of pH initial versus pH ﬁnal of the S. platensis nanopar-
ticles in suspension are showed in Fig. 2c. This ﬁgure shows that
the pHzpc of the S. platensis nanoparticles was seven. When the
pH of the suspension is lower than seven, the surface of the S. plat-
ensis nanoparticles gets positively charged and the surface of the S.
platensis is negatively charged at pH values higher than seven. The
zero point charge (pHzpc) of the biosorbent is one way to under-
stand the biosorption mechanisms (Çelekli et al., 2010).
3.2. Biosorption isotherms
The biosorption isotherms curves at different conditions were
showed in Fig. 3 (FD&C red no. 40) and Fig. 4 (acid blue 9). The bio-
sorption isotherms curves of both dyes were characterized by an
initial step with increase in biosorption capacity followed by a con-
vex shape. The initial step indicates a great nanoparticles-dyes
afﬁnity and numerous readily accessible sites. The convex shape
suggests the formation of a monomolecular layer of the dyes on
the nanoparticles surface.
The comparison between Figs. 3 and 4 show that in all condi-
tions, the biosorption capacity of FD&C red no. 40 was lower than
acid blue 9. This occurred, probably, because acid blue 9 pKa (5.6
and 6.6) is lower than FD&C red no. 40 pKa (11.4), facilitating the
dissociation of D-SO3Na and its conversion to D-SO

3 . In addition,
acid blue 9 had more sulfonated groups than FD&C red no. 40
(Fig. 1). Some researches found that the sulfonated groups of the
anionic dyes are responsible to the dye–biosorbent interactions
(Patel and Suresh, 2008; Cheung et al., 2009; Dotto and Pinto,
2011a; Gao et al., 2011).
As shown in Figs. 3 and 4 (FD&C red no. 40 and acid blue 9,
respectively), the biosorption capacity of S. platensis nanoparticles
increased when pH was decreased from 8 to 4, and reached maxi-
mum values at pH 4. Then in the experimental conditions, the best
pH for biosorption of both dyes onto S. platensis nanoparticles was
4 (Figs. 3a and 4a). According to Cheung et al. (2009), the acid dyes
are ﬁrst dissolved in aqueous solution, and the sulfonate groups of
acid dyes are dissociated (D-SO3Na), and they are converted to an-
ionic dye ions (D-SO3 ). Also, at pH 4 and 6 the nanoparticles sur-
faces are positively charged and at pH 8 the surface could be
negatively charged (according to Fig. 2c). This manner, the pH de-
crease leads to an increase in the positively charged groups on the
nanoparticles surface, and electrostatic attraction occurs between
the dyes sulfonated groups and functional groups on the surface.
Similar behavior was found by Aksu and Tezer (2005) in the bio-
sorption of reactive dyes onto Chlorella vulgaris. They concluded
that at lower pH values functional groups such as amines or ima-
dazoles in the biomass were protonated, and the biosorption pro-
ceeded thought electrostatic attractions between negatively
charged dye anions and positively charged cell surface.
It was observed in Figs. 3 and 4 (FD&C red no. 40 and acid blue
9, respectively), that the biosorption capacity of both dyes onto S.
platensis nanoparticles was increased with the temperature de-
crease. In the temperatures of 298 and 308 K, a small difference
was observed. At 318 and 328 K the biosorption capacity was
strongly decreased. The best temperature for biosorption of bothdyes onto S. platensis nanoparticles was 298 K. The temperature in-
crease causes an increase in the solubility of the dyes (Crini and Ba-
dot, 2008), so, the interaction forces between the dyes and the
solvent become stronger than those between dyes and nanoparti-
cles. In addition, according to Aksu (2005), at temperatures above
318 K can occurs the damage of sites on the surface of biomass
and, consequently a decrease in the surface activity. Similar behav-
ior was observed by Piccin et al. (2009) in the adsorption of FD&C
red no. 40 onto chitosan.
Fig. 4. Biosorption equilibrium isotherms of acid blue onto S. platensis nanoparti-
cles at different conditions: (a) pH 4, (b) pH 6, (c) pH 8.
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(Eq. (4)), Dubinin–Radushkevich (Eq. (5)) and Sips (Eq. (8)) were
used. The isotherm parameters of FD&C red no. 40 and acid blue
9 biosorption onto S. platensis nanoparticles at different conditions
were showed in Tables 1 and 2, respectively.
The values of the coefﬁcient of determination (R2 > 0.99) and
average relative error (ARE < 5%) presented in Tables 1 and 2 show
that the Sipsmodelwasmore adequate to represent the equilibrium
experimental data. The ‘m’ values obtained from the Sips model(Tables 1 and 2) indicated a heterogeneous biosorption process
and the multiple biosorption sites on the S. platensis nanoparticles.
The maximum biosorption capacities (qm) obtained from the
Sips model were 468.7 mg g1 for the FD&C red no. 40 and
1619.4 mg g1 for the acid blue 9, at pH 4 and 298 K. Aksu and Te-
zer (2005) in the biosorption of reactive dyes onto C. vulgaris found
maximum biosorption capacities of 555.6 mg g1, 196.1 mg g1
and 71.9 mg g1 for the dyes, remazol black, remazol green and
remazol golden yellow, respectively. Patel and Suresh (2008) ob-
tained values from 65 mg g1 to 106.4 mg g1 in the biosorption
of reactive black 5 onto Aspergillus foetidus. Yang et al. (2011) were
found 411.53 mg g1 in the biosorption of Congo red by inactive
Penicillium YW 01 biomass.3.3. Thermodynamic analysis
The biosorption thermodynamic parameters were estimated
from the Sips parameters, as reported in the literature (Cardoso
et al., 2011). The values of DG, DH and DS in all experimental con-
ditions were showed in Table 3.
In Table 3, negative values of DG for both dyes indicate that the
biosorption was a spontaneous and favorable process, whereby no
energy input from outside of the system is required. Negative DH
values conﬁrm the exothermic nature of the biosorption process.
The negative DS values indicate that randomness decreases at
the solid-solution interface during the biosorption of both dyes
by S. platensis nanoparticles. The negative DH and DS values sug-
gest that enthalpy contributes more than entropy in negative DG
values. These results were in accordance with Srinivasan and Virar-
aghavan (2010), that reported the biosorption onto algae, in most
of cases, is an exothermic process.3.4. EDS and FT-IR results
In order to verify the biosorption behavior and the possible
interactions of FD&C red no. 40 and acid blue onto S. platensis
nanoparticles, EDS and FT-IR analysis were carried out before and
after the biosorption process in the more adequate condition
(298 K and pH 4).
The EDS analysis (ﬁgure not shown) showed that the major ele-
ments on the surface of the S. platensis nanoparticles before bio-
sorption were C (54.0%), N (33.9%), O (9.2%), P (1.8%) and S
(1.1%). After biosorption process the percentage values of C, O,
and S were increased, and consequently, the percentages of N
and P were decreased. This occurred due to the trapped dye mole-
cules which contain aromatic rings and sulfonic groups, thus
shown strong interaction between dyes and nanoparticles. In addi-
tion, the increases of C (59.5%) and S (3.1%) in the nanoparticles
loaded with FD&C red no. 40 were lower than the increases of C
(67.0%) and S (4.4%) in the nanoparticles loaded with acid blue 9.
This occurred, because acid blue 9 had more sulfonated groups
and aromatic rings than FD&C red no. 40 (Fig. 1).
The FT-IR spectrum of S. platensis nanoparticles (Supplementary
material (a)) showed several major intense bands, around 3370,
2920, 2859, 1659, 1535, 1224, 1149, 1021, 852 and 762 cm1.
The O–H bond stretching mixed with NH2 group can be observed
at 3370 cm1. The peaks 2920 and 2859 cm1 are relative to an
asymmetric and symmetric stretching of CH2 groups. The scissor
bending of NH2 group can be observed at 1659 and 1535 cm1.
The bands of 1224, 1149, 1021 cm1 could be attributed to a C–N
stretch of amide or amine. According Çelekli et al. (2010), the
adsorption peaks in the region 750–900 cm1 could be attributed
to –P–O, –S–O, and aromatic –CH stretching vibrations. After bio-
sorption of FD&C red no. 40 (Supplementary material (b)) and acid
Table 1
Isotherm parameters of FD&C red no. 40 biosorption onto Spirulina platensis nanoparticles at different conditions of pH and temperature.
Temperature (K) pH 4 pH 6 pH 8
298 308 318 328 298 308 318 328 298 308 318 328
Langmuir
qm (mg g1) 503.4 499.2 225.2 164.1 275.7 271.2 232.3 148.3 266.2 260.1 171.7 137.8
kL  103 (L mg1) 5.28 4.95 12.91 17.00 10.56 9.02 3.87 10.00 9.49 7.73 4.52 6.08
RL 0.26 0.27 0.12 0.10 0.13 0.14 0.32 0.17 0.16 0.19 0.31 0.25
R2 0.987 0.986 0.989 0.983 0.985 0.985 0.980 0.986 0.982 0.975 0.961 0.977
ARE (%) 4.7 2.1 3.8 4.6 4.5 5.3 6.1 5.0 4.5 7.3 8.0 7.5
Freundlich
kF (mg g1) (mg L1)1/n 20.3 18.4 31.8 31.9 30.8 25.2 6.6 17.0 26.4 19.9 6.3 8.1
n 2.1 2.1 3.4 4.0 3.0 2.8 2.0 3.1 2.9 2.6 2.1 2.4
R2 0.977 0.976 0.974 0.980 0.968 0.963 0.962 0.966 0.944 0.934 0.926 0.945
ARE (%) 7.9 8.2 5.6 4.3 6.9 7.9 11.1 6.7 9.4 12.6 16.5 11.5
Dubinin–Radushkevich
qs (mg g1) 348.0 340.1 182.6 137.8 223.8 214.9 154.1 117.7 211.7 200.9 120.8 103.2
B  103 (mol2 kJ2) 6.1 6.2 1.3 0.7 3.4 3.8 8.9 2.2 3.5 4.3 8.5 5.6
E (kJ mol1) 9.1 8.9 19.6 26.7 12.1 11.5 7.5 15.1 11.9 10.8 7.7 9.4
R2 0.881 0.888 0.802 0.712 0.788 0.837 0.925 0.807 0.884 0.932 95.7 0.923
ARE (%) 15.9 15.8 15.9 19.3 12.1 12.0 14.0 11.2 10.5 10.2 11.3 10.2
Sips
qm (mg g1) 468.7 454.1 227.1 180.9 274.5 256.3 182.7 142.7 237.9 217.5 127.1 113.5
kS  103 (L mg1) 6.1 6.0 11.7 13.9 10.6 10.0 8.5 10.7 11.4 10.4 7.6 8.4
m 1.1 1.1 1.2 0.8 1.3 1.1 1.4 1.1 1.3 1.6 1.9 1.6
R2 0.998 0.998 0.999 0.995 0.995 0.996 0.997 0.996 0.998 0.998 0.995 0.998
ARE (%) 2.0 2.1 0.7 2.1 2.5 2.3 2.7 2.2 1.6 1.7 4.0 2.1
Table 2
Isotherm parameters of acid blue 9 biosorption onto Spirulina platensis nanoparticles at different conditions of pH and temperature.
Temperature (K) pH 4 pH 6 pH 8
298 308 318 328 298 308 318 328 298 308 318 328
Langmuir
qm (mg g1) 1656.2 1093.8 530.9 403.6 1950.8 974.1 651.7 316.8 1188.9 1212.9 210.2 163.1
kL  103 (L mg1) 6.75 10.48 3.97 3.60 4.18 8.31 2.79 3.41 6.49 5.77 3.68 2.82
RL 0.19 0.13 0.28 0.30 0.27 0.16 0.35 0.31 0.19 0.21 0.33 0.35
R2 0.983 0.983 0.987 0.988 0.951 0.962 0.984 0.975 0.956 0.949 0.977 0.989
ARE (%) 7.6 8.5 4.8 4.3 17.3 10.9 5.3 10.5 16.6 20.1 5.7 4.6
Freundlich
kF (mg g1) (mg L1)1/n 57.3 79.7 14.0 9.6 32.3 58.1 9.3 6.8 45.5 40.0 5.9 3.0
n 1.9 2.4 1.9 1.9 1.6 2.3 1.7 1.8 2.0 1.9 2.0 1.8
R2 0.977 0.963 0.988 0.965 0.914 0.903 0.977 0.941 0.900 0.895 0.988 0.977
ARE (%) 8.4 10.6 5.6 9.5 24.1 19.7 9.9 16.4 25.3 28.8 5.4 6.5
Dubinin–Radushkevich
qs (mg g1) 1056.5 820.3 334.5 256.6 1120.7 725.3 369.1 202.9 819.2 813.9 131.4 98.7
B  103 (mol2 kJ2) 2.8 2.1 6.5 8.3 5.5 3.3 9.7 9.7 4.0 4.3 5.4 11.9
E (kJ mol1) 13.4 15.4 8.8 7.8 9.5 12.3 7.2 7.2 11.2 10.8 9.6 6.5
R2 0.870 0.876 0.848 0.903 0.954 0.947 0.919 0.966 0.970 0.976 0.879 0.864
ARE (%) 22.8 18.4 18.1 16.3 18.4 14.2 17.8 11.9 13.1 12.9 17.8 16.6
Sips
qm (mg g1) 1619.4 1048.3 572.8 325.2 1173.3 760.5 496.2 217.3 848.3 830.2 280.4 148.1
kS  103 (L mg1) 8.1 11.5 3.3 5.5 9.7 12.4 4.7 6.5 11.4 10.8 1.9 3.4
m 2.2 1.1 0.9 1.3 2.2 1.9 1.3 1.9 2.1 2.3 0.8 1.1
R2 0.998 0.993 0.998 0.992 0.998 0.991 0.998 0.997 0.995 0.996 0.991 0.991
ARE (%) 4.8 4.8 1.9 3.9 2.3 4.9 2.1 4.1 4.2 3.9 3.5 4.9
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bers were observed. The peak 3370 cm1 was shifted to 3360 cm1.
This shows that the O–H groups were involved in the dye binding.
The peaks from 2750 to 3000 cm1 and from 1000 to 1500 cm1
were shifted. This shows that the amine groups were also involved
in the dye binding. According Dotto and Pinto (2011b) and Gao et
al. (2011), these changes in the peaks are due to electrostatic
attraction between O–H and amine groups with sulfonated groups
of the dyes. Srinivasan and Viraraghavan (2010) reported that the
functional groups such as hydroxyl and amino on the surface ofalgal biomass are considered to be responsible for sequestration
of dyes from aqueous solutions.
On the basis in the EDS and FT-IR analysis it can be inferred that
the biosorption of both dyes onto S. platensis nanoparticles oc-
curred by chemisorption. The possible biosorption mechanism is
presented as follows: under acidic conditions, hydrogen atoms
(H+) in the solution could protonate the amine and hydroxyl
groups of S. platensis nanoparticles, in addition, FD&C red no. 40
and acid blue 9 were dissolved and its sulfonate groups were dis-
sociated, the biosorption process then proceeded due to the elec-
Table 3
Thermodynamic parameters of FD&C red no. 40 and acid blue 9 biosorption onto Spirulina platensis nanoparticles at different conditions of pH and temperature.
pH Temperature (K) FD&C red no. 40 Acid blue 9
DG (kJ mol1) DH (kJ mol1) DS (kJ mol1 K1) DG (kJ mol1) DH (kJ mol1) DS (kJ mol1 K1)
4 298 27.9 3.3 0.02 32.8 63.5 0.10
308 28.7 33.7
318 29.6 29.9
328 30.4 30.7
6 298 27.9 19.8 0.03 32.5 62.0 0.10
308 28.6 33.1
318 28.2 30.5
328 29.1 30.1
8 298 27.7 32.4 0.01 32.1 74.9 0.18
308 28.2 32.9
318 26.9 26.6
328 27.7 27.3
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particles protonated groups. Electrostatic interactions between al-
gae functional groups and dyes sulfonated groups were
demonstrated by other workers (Aksu, 2005; Srinivasan and Virar-
aghavan, 2010).4. Conclusion
S. platensis nanoparticles were used as biosorbent to removal
FD&C red no. 40 and acid blue 9 from aqueous solutions. The equi-
librium isotherms were carried out at pH of 4, 6 and 8 and temper-
ature of 298, 308, 318 and 328 K. The maximum biosorption
capacities were 468.7 mg g1 for the FD&C red no. 40 and
1619.4 mg g1 for the acid blue 9, at pH 4 and 298 K. The Sips mod-
el was the best to represent the equilibrium experimental data. The
biosorption was exothermic, spontaneous and favorable. At pH 4
and 298 K, the biosorption of both dyes onto nanoparticles oc-
curred by chemisorption.
Acknowledgements
The authors would like to thank CAPES (Brazilian Agency for
Improvement of Graduate Personnel) and CNPq (National Council
of Science and Technological Development) for the ﬁnancial
support.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.biortech.2011.10.038.
References
Aksu, Z., 2005. Application of biosorption for the removal of organic pollutants: a
review. Process Biochem. 40, 997–1026.
Aksu, Z., Tezer, S., 2005. Biosorption of reactive dyes on the green alga Chlorella
vulgaris. Process Biochem. 40, 1347–1361.
Anton, N., Benoit, J.P., Saulnier, P., 2008. Design and production of nanoparticles
formulated from nano-emulsion templates – a review. J. Control. Release 128,
185–199.
Bruce, J., Pecora, R., 2000. Dynamic Light Scattering: With Applications to
Chemistry, Biology and Physics. Dover Publications, New York.
Cardoso, N.F., Pinto, R.B., Lima, E.C., Calvete, T., Amavisca, C.V., Royer, B., Cunha, M.L.,
Fernandes, T.H.M., Pinto, I.S., 2011. Removal of remazol black B textile dye from
aqueous solution by adsorption. Desalination 269, 92–103.
Çelekli, A., Bozkurt, H., 2011. Bio-sorption of cadmium and nickel ions using
Spirulina platensis: kinetic and equilibrium studies. Desalination 275, 141–147.
Çelekli, A., Geyik, F., 2011. Artiﬁcial neural networks (ANN) approach for modeling
of removal of Lanaset Red G on Chara contraria. Bioresour. Technol. 102, 5634–
5638.Çelekli, A., Yavuzatmaca, M., 2009. Predictive modeling of biomass production by
Spirulina platensis as function of nitrate and NaCl concentrations. Bioresour.
Technol. 100, 1847–1851.
Çelekli, A., Yavuzatmaca, M., Bozkurt, H., 2010. An eco-friendly process: predictive
modeling of copper adsorption from aqueous solution on Spirulina platensis. J.
Hazard. Mater. 173, 123–129.
Çelekli, A., Yavuzatmaca, M., Beyazçiçek, E., Bozkurt, H., 2009. Effect of initial
reactive red 120 concentrations on the biomass production and dye uptake by
Spirulina platensis. Fresen. Environ. Bull. 16, 994–998.
Cheung, W.H., Szeto, Y.S., McKay, G., 2009. Enhancing the adsorption capacities of
acid dyes by chitosan nanoparticles. Bioresour. Technol. 100, 1143–1148.
Costa, J.A.V., Colla, L.M., Duarte, P.F.F., 2004. Improving Spirulina platensis biomass
yield using a fed-batch process. Bioresour. Technol. 92, 237–241.
Costa, J.A.V., Morais, M.G., 2011. The role of biochemical engineering in the
production of biofuels from microalgae. Bioresour. Technol. 102, 2–9.
Crini, G., Badot, P.M., 2008. Application of chitosan, a natural aminopolysaccharide,
for dye removal from aqueous solutions by adsorption processes using batch
studies: a review of recent literature. Prog. Polym. Sci. 33, 399–447.
Dotto, G.L., Pinto, L.A.A., 2011a. Adsorption of food dyes onto chitosan: optimization
process and kinetic. Carbohydr. Polym. 84, 231–238.
Dotto, G.L., Pinto, L.A.A., 2011b. Adsorption of food dyes acid blue 9 and food yellow
3 onto chitosan: stirring rate effect in kinetics and mechanism. J. Hazard. Mater.
187, 164–170.
Fang, L., Zhou, C., Cai, P., Chen, W., Rong, X., Dai, K., Liang, W., Gu, J., Huang, Q., 2011.
Binding characteristics of copper and cadmium by cyanobacterium Spirulina
platensis. J. Hazard. Mater. 190, 810–815.
Gao, J.F., Zhang, Q., Wang, J.H., Wu, X.L., Wang, S.Y., Peng, Y.Z., 2011. Contributions of
functional groups and extracellular polymeric substances on the biosorption of
dyes by aerobic granules. Bioresour. Technol. 102, 805–813.
Gokhale, S.V., Jyoti, K.K., Lele, S.S., 2008. Kinetic and equilibrium modeling of
chromium (VI) biosorption on fresh and spent Spirulina platensis/Chlorella
vulgaris biomass. Bioresour. Technol. 99, 3600–3608.
Gokhale, S.V., Jyoti, K.K., Lele, S.S., 2009. Modeling of chromium (VI) biosorption by
immobilized Spirulina platensis in packed column. J. Hazard. Mater. 170, 735–
743.
Gong, R., Ding, Y., Liu, H., Chen, Q., Liu, Z., 2005. Lead biosorption and desorption by
intact and pretreated Spirulina maxima biomass. Chemosphere 58, 125–130.
Hao, X., Quach, L., Korah, J., Spieker, W.A., Regalbuto, J.R., 2004. The control of
platinum impregnation by PZC alteration of oxides and carbon. J. Mol. Catal. A:
Chem. 219, 97–107.
Inbaraj, B.S., Chen, B.H., 2011. Dye adsorption characteristics of magnetite
nanoparticles coated with a biopolymer poly(c-glutamic acid). Bioresour.
Technol. doi:10.1016/j.biortech.2011.06.079.
Kavitha, D., Namasivayam, C., 2007. Experimental and kinetic studies on methylene
blue adsorption by coir pith carbon. Bioresour. Technol. 98, 14–21.
Milonjic, S.K., 2007. A consideration of the correct calculation of thermodynamic
parameters of adsorption. J. Serb. Chem. Soc. 72, 1363–1367.
Moghaddam, S.S., Moghaddam, M.R.A., Arami, M., 2010. Coagulation/ﬂocculation
process for dye removal using sludge from water treatment plant: optimization
through response surface methodology. J. Hazard. Mater. 175, 651–657.
Oliveira, E.G., Rosa, G.S., Moraes, M.A., Pinto, L.A.A., 2009. Characterization of thin
layer drying of Spirulina platensis utilizing perpendicular air ﬂow. Bioresour.
Technol. 100, 1297–1303.
Patel, R., Suresh, S., 2008. Kinetic and equilibrium studies on the biosorption of
reactive black 5 dye by Aspergillus foetidus. Bioresour. Technol. 99, 51–58.
Piccin, J.S., Vieira, M.L.G., Gonçalves, J., Dotto, G.L., Pinto, L.A.A., 2009. Adsorption of
FD&C Red No. 40 by chitosan: isotherms analysis. J. Food Eng. 95, 16–20.
Russo, M.E., Di Natale, F., Prigione, V., Tigini, V., Marzocchella, A., Varese, G.C., 2010.
Adsorption of acid dyes on fungal biomass: equilibrium and kinetics
characterization. Chem. Eng. J. 162, 537–545.
Sakkayawong, N., Thiravetyan, P., Nakbanpote, W., 2005. Adsorption mechanism of
synthetic reactive dye wastewater by chitosan. J. Hazard. Mater. 145, 250–255.
130 G.L. Dotto et al. / Bioresource Technology 103 (2012) 123–130Seker, A., Shahwan, T., Eroglu, A., Yilmaz, S., Demirel, Z., Dalay, M., 2008.
Equilibrium, thermodynamic and kinetic studies for the biosorption of
aqueous lead(II), cadmium(II) and nickel(II) ions on Spirulina platensis. J.
Hazard. Mater. 154, 973–980.
Solisio, C., Lodi, A., Soletto, D., Converti, A., 2008. Cadmium biosorption on Spirulina
platensis biomass. Bioresour. Technol. 99, 5933–5937.
Srinivasan, A., Viraraghavan, T., 2010. Decolorization of dye wastewaters by
biosorbents: a review. J. Environ. Manage. 91, 1915–1929.Yang, Y., Wang, G., Wang, B., Li, Z., Jia, X., Zhou, Q., Zhao, Y., 2011. Biosorption of Acid
Black 172 and Congo Red from aqueous solution by nonviable Penicillium YW
01: kinetic study, equilibrium isotherm and artiﬁcial neural network modeling.
Bioresour. Technol. 102, 828–834.
Zarrouk, C., 1966. Contribution to the study of cyanophyceae. Inﬂuence of various
physical and chemical factors on growth and photosynthesis of Spirulina
maxima. Ph.D. Thesis, Paris.
